Abstract: The treatment of large bone defects still poses a major challenge in orthopaedic and craniomaxillofacial surgery. One possible solution could be the development of personalized porous titaniumbased implants that are designed to meet all mechanical needs with a minimum amount of titanium and maximum osteopromotive properties so that it could be combined with growth factor-loaded hydrogels or cell constructs to realize advanced bone tissue engineering strategies. Such implants could prove useful for mandibular reconstruction, spinal fusion, the treatment of extended long bone defects, or to fill in gaps created on autograft harvesting. The aim of this study was to determine the mechanical properties and potential of bone formation of light weight implants generated by selective laser melting (SLM). We mainly focused on osteoconduction, as this is a key feature in bone healing and could serve as a backup for osteoinduction and cell transplantation strategies. To that end, defined implants were produced by SLM, and their surfaces were left untreated, sandblasted, or sandblasted/acid etched. In vivo bone formation with the different implants was tested throughout calvarial defects in rabbits and compared with untreated defects. Analysis by micro computed tomography (CT) and histomorphometry revealed that all generatively produced porous Ti structures were well osseointegrated into the surrounding bone. The histomorphometric analysis revealed that bone formation was significantly increased in all implanttreated groups compared with untreated defects and significantly increased in sand blasted implants compared with untreated ones. Bone bridging was significantly increased in sand blasted acid-etched scaffolds. Therefore, scaffolds manufactured by SLM should be surface treated. Bone augmentation beyond the original bone margins was only seen in implant-treated defects, indicating an osteoconductive potential of the implants that could be utilized clinically for bone augmentation purposes. Therefore, designed porous, lightweight structures have potential for bone regeneration and augmentation purposes, especially when complex and patient-specific geometries are essential. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Abstract
The treatment of large bone defects still poses a major challenge in orthopaedic and cranio-maxillofacial surgery. One possible solution could be the development of personalized porous titanium-based implants designed to meet all mechanical needs with a minimum amount of titanium and maximum osteopromotive properties so that it could be combined with growth factor loaded hydrogels or cell constructs to realize advanced bone tissue engineering strategies. Such implants could prove useful for mandibular reconstruction, spinal fusion, the treatment of extended long bone defects, or to fill in gaps created upon autograft harvesting. The aim of this study was to determine the mechanical properties and potential of bone formation of light weight implants generated by Selective Laser Melting (SLM). We mainly focused on osteoconduction, since this is a key feature in bone healing and could serve as back-up for osteoinduction and cell transplantation strategies. To that end, defined implants were produced by SLM and their surfaces were either left untreated, sandblasted or sandblasted/acid etched. In vivo bone formation with the different implants was tested throughout calvarial defects in rabbits and compared to untreated defects. Analysis by µCT and histomorphometry revealed that all generatively produced porous Ti structures were well osseointegrated into the surrounding bone. The histomorphometric analysis revealed that bone formation was significantly increased in all implant treated groups compared to untreated defects and significantly increased in sand blasted implants compared to untreated ones.
Bone bridging was significantly increased in sand blasted acid etched scaffolds.
Therefore scaffolds manufactured by SLM should be surface treated. Bone augmentation beyond the original bone margins was only seen in implant treated defects, indicating an osteoconductive potential of the implants that could be utilized 3 clinically for bone augmentation purposes. Therefore, designed porous, lightweight structures have potential for bone regeneration and augmentation purposes, especially when complex and patient-specific geometries are essential.
Introduction
Surgeons are in an on-going search for the ideal solution for bridging larger bony defects in the facial and non-facial skeleton. Titanium foams tested in vitro with human osteoblasts have shown osteoblast colonization and differentiation into mature bone cells, and consequently belong to suitable bone substitute materials in mechanically demanding sites (1) . Porous titanium scaffolds with a homogeneous pore size distribution can be produced by means of powder metallurgy or CVD coating of vitreous carbon scaffolds (2, 3) . Metal injection methods (4) allow forming porous foams with open porosity by means of NaCl as placeholders (5) . The watersoluble placeholders, however, are randomly distributed. Therefore, with all these methods it is impossible to define the location and size of dedicated micrometre-size channels, gradients or patterns. Additionally, in all these architectures, the special distribution of the pores is mainly unsystematic and unplanned (6) and the exact porous structure is not reproducible.
Additive Manufacturing (AM, formerly referred to as Rapid Manufacturing) is a layer-by-layer production method that allows production of simple (7) as well as complex-shaped structures based on Computer Aided Design (CAD) data sets (8-10).
Laser-based AM processes (Selective Laser Melting SLM) allow the production of bone implants made of metals such as titanium and titanium-based alloys (8, (11) (12) (13) (14) (15) with exactly defined strut size as small as 200 µm (16) .
Biomaterial-tissue interactions and bone healing (17) are dependent on the chemistry and topography of the artificial material (14, (18) (19) (20) (21) (22) . A rough sandblasted This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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and acid-etched surface, for example, enhances the proliferation of bone cells and stimulates the secretion of the extra cellular matrix (15) . A Sandblasted and acidetched surface, one of the most effective artificial surface structures on commercially pure titanium (c.p.Ti) to be accepted by bony tissue, is based on a moderately rough SLA topography (23) . This binary procedure of the so-called sandblasted and acidetched surface leads to a fast osseointegration, e.g. with dental implants (12, 24, 25) .
It was shown in-vitro that SLM fabricated structures with native, sandblasted and acid-etched, sandblasted, polished or vibratory grinded surfaces show an identical cytocompatibility compared to conventional titanium surfaces (26).
The final aim of the overall project is to generate defined scaffolds by SLM for the treatment of large bone defects to be used in conjunction with growth factor loaded hydrogels or cell constructs for bone tissue engineering. In this initial study we evaluated the mechanical properties, osteoconduction and bone augmentation properties of defined titanium-based open porous scaffolds produced by SLM used as a bone substitute in calvarial defects in rabbits, and compared them to untreated defects.
Materials and Methods:
Implant design and production
The titanium structures for this study were designed with the Software 1c ), the samples were cleaned from adhering powder particles by compressed air and ultrasonic treatment. For reasons of handling during production and implantation, a transfer pin is connected to the implant via a predetermined breaking point (Fig. 1c) .
Evaluation of the mechanical properties of the implant material.
The mechanical properties of the structures were determined in a universal material testing machine (Zwick Roell 100kN) under uniaxial compressive load. The implants were placed horizontally, lying between two hard metal compression inserts simulating the biomechanical loading on the scaffolds during and after the operation.
The force and deformation were recorded during the strain controlled compression phase with a constant strain of 0.001s -1 at room temperature.
Surface Modification and Analysis
Three different types of implant surfaces were used in this study: a) native SLM, b) sandblasted and c) sandblasted and acid-etched surfaces. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
7 vials then were sealed in sterilization bags. Prior to the in-vivo tests, the samples underwent gamma-sterilization with 25 kGy.
Surgical procedure
Five adult (12 months old) New Zealand White rabbits, weighing between 3 and 4 kg, were used in the present study. The animals were kept in a purposedesigned room for experimental animals and were fed a standard laboratory diet. The study was evaluated and accepted by the responsible Veterinary Authority of the Kanton Zurich. Animals were anesthetized by injection of 65mg/kg ketamine and 4mg/kg xylazine and maintenance was with isofluoran/O 2 . The surgical area was disinfected and a straight incision was made from the nasal bone to the midsagital crest. The soft tissues were reflected and the periosteum was elevated from the site.
In the area of the right and left parietal and frontal bones, four evenly distributed 6 mm diameter craniotomy defects were prepared with a trephine bur under copious irrigation with sterile saline. Care was exercised to avoid injury of the dura. The surgical area was flushed with saline to remove bone debris. Each of the animals received all 4 different treatment modalities: empty, a) native SLM implant, b)
sandblasted SLM implant, and c) sandblasted and acid-etched SLM implant (Fig. 1d ).
The treatment modalities were assigned at random for the first animal and thereafter cyclic permuted clockwise for the next three animals. For the fifth animal, treatment modalities were again assigned at random. After carefully placing the implants into the defects, the soft tissues were closed with interrupted sutures. After a healing period of 8 weeks, the rabbits were sacrificed by an overdose of ketamine. The skull containing all four craniotomy sites was removed and placed in 40% ethanol.
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Embedding
The specimens were prepared with a sequential water substitution process that involved 48 h in 40% ethanol, 72 h in 70% ethanol (changed every 24 h), 72 h in 96% ethanol and finally 72 h in 100% ethanol. The samples were then placed in xylene for 72 h (changed every 24 h). Next, the samples where infiltrated by placing them in methyl methacrylate (MMA) for 72 h (Fluka 64200) followed by three days in 100 ml MMA + 2 g di-benzoylperoxid (Fluka 38581) at 4 Cº . Samples were embedded by placing them in 100 ml MMA + 3 g di-benzoylperoxid + 10 ml plastoid N or dibutyl phthalate (Merck 800 19.25) and allowing polymerization to occur at 37
Cº in an incubator. After embedding, the skull was cut in four pieces each containing one craniotomy site by using an Exakt 300P saw (Exakt, Norderstedt, Germany).
µCT analysis
Hard tissue and implant material distribution in the embedded, separated craniotomy sites were determined by a SkyScan 1172™ high-resolution micro CT scanner 9
Histology
After µCT analysis, embedded craniotomy sites were sectioned by a diamond band saw (Exakt 300P) in the middle of the defect, glued to a support and sectioned again, so that a 200 µm thick sample from the middle was attached to the support.
The thickness of this sample was further reduced to 40-60 µm by a grinding machine (Exakt 420 CS). To visualize tissues, the samples were surface stained by toluidine blue. Digital images were taken and processed with an image analysis program (Adobes Photoshop CS3). Quantitative evaluation of bone regeneration was done by applying standard morphometrical techniques as reported earlier (27, 28) .
Bone bridging
Bone bridging was determined in the middle section. First, the areas with bone tissue were projected onto the x-axis. Next, the stretches of the x-axis where bone formation had occurred at any level were summed up as described earlier (28, 29) .
Bone bridging is given in percentage of the defect width (6 mm) where bone formation has occurred.
Statistical analysis
The primary analysis unit was the animal. For all parameters tested, the four treatment modalities were compared with a Friedman test, followed by pairwise comparison of treatment modalities with the Wilcoxon signed rank test for dependent data (IBM SPSS v.19). P-values for the probability of significant differences between treatments are displayed in the graphs and significance was set at P < 0. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Results
Process and implant characterization
In order to qualify the production process, the produced SLM pieces were (Table 2) .
Bone formation
After the operation, no adverse reaction was observed and the animals remained in good health. For each implant, the volume of the entire implant and the volume of the bone grown into the implant and their ratio (bone volume/total volume, BV/TV) were determined based on µCT data reconstructed to a 3D model (Fig. 3) . The mean value of the volume of bone related to the entire volume of the implant determined by µCT accounted for 10.46±1.95% for the empty control, 19.23±6.39% for the native SLM implant, 25.23±7.82% for sandblasted SLM implants and 14.81±1.74% for sandblasted and acid-etched SLM implants. These µCT results were not significantly different between the empty control and the 3 different surface modifications of SLMimplants. The lattice structures used here proved not to be suitable for tomographic investigations as they exhibit a large surface/solid ratio with huge interface scattering.
Therefore, the distribution of newly formed bone was studied based on the ground sections.
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In the ground sections, no signs of inflammation could be detected. Bone formation occurred close to and in contact with the bone substitutes (Fig. 4, 5 By dividing the middle section in an area of presumably resected bone and an area outside of the original bone margins, it appeared that bone formation beyond the original bone margins was facilitated by the presence of this implant type (Fig. 6a) .
Bone formation in the control group without implant was almost exclusively restricted to the original bone area (Fig. 6b) . In all groups with implants, significantly (P=0.043) more bone formed compared to the control group in both the area outside the original bone margins and the area of the resected bone, irrespective of the surface treatment (Fig. 6 ). In the presumably original bone margins, significantly (P=0.043) more bone formed in sandblasted than in untreated SLM implants.
Another way to look at the distribution of newly formed bone is to assess the This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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bridging by bone is significant for the sandblasted and acid-etched implants only (P=0.043) (Fig. 6 ).
Discussion
In this study, open porous titanium structures were prepared by Additive
Manufacturing and placed in the calvaria of New Zealand rabbits. The lattice was defined with orthogonal struts of 200 µm thickness and a pore size of 700 µm width.
The thickness of the native implants produced by SLM, however, are thicker due to spherical powder particles that are sintered onto the solid surface (Fig. 2) . The emerging cavities, therefore, are smaller than designed. By sandblasting, the decorating particles are removed (see figure 2) , the wall thickness is reduced and the cavities become larger. It is important to note that the final implant geometry is dependent on the CAD model geometry, the SLM processing parameter as well as the successive surface treatment. The laser parameters can be adjusted in order to compensate for these facts. It is known that the pore dimensions used here (578 µm, resp. 642 µm) allow good osseointegration and vascularization in metallic (30) and ceramic foams (31, 32) .
The scaffolds were mechanically characterized in an axial biomechanical loading case simulating pressure on the scaffold in the calvaria ( Table 2 ). The static compression tests showed that the mechanical strength of this scaffold is in the upper range of cancellous bone, Therefore this scaffold could substitute for the use of cancellous autologous bone (33) .
All implants showed good in-vivo performance with mineralized bone and no indication of adverse tissue reactions (Fig. 4, 5) . For all three types of implants, the amount of bone within the implant and around the implant was significantly higher than in the control group where no implant was placed (Fig. 6) . Therefore, the 14 titanium-based scaffolds stimulated additional bone formation and served as guidance cues even beyond the original bone margins. When the same model was used for calcium phosphate-based materials like synthetic hydroxyapatite/silica oxide-based granules (27) , a cotton-wool-like nanocomposite (34), synthetic calcium phosphate granules (35) or deproteinized bovine mineral matrix granules (27, 28, 34) , overall bone formation was either not increased or the increase was not significant.
Defect bridging, another clinically relevant parameter, also failed to be increased for all aforementioned calcium phosphate-based materials when compared to untreated empty defects. The newly developed titanium-based scaffolds evaluated here, however, increased defect bridging significantly, at least when the surface was sandblasted and acid etched. The superior performance in the stimulation of additional bone formation and defect bridging of our titanium-based scaffolds compared to deproteinized bovine bone matrix, the gold standard bone substitute in dentistry and newly developed bone substitutes tested in the same setting (27, 34, 35) might arise from the minimal amount of material we used due to our scaffold design, the gapless interconnectivity throughout the whole scaffold and/or the well-known excellent performance of titanium in a bone regeneration context.
A systemic review on surface roughness of titanium revealed that moderately rough surfaces with a roughness between 1.00-2.00 µm are superior to both smoother (0.50-1.00 µm) or rougher (>2.00 µm) surfaces (36, 37). Therefore, native SLM fabricated materials have to undergo a surface treatment like sandblasting for an optimal performance in a bony environment. This was in line with our results, since significantly more mineralized tissue was formed in the original defect margins in sandblasted scaffolds with a roughness determined as arithmetic mean deviation of the surface (SRa) of 0.94±0.07 compared to native SLM scaffolds with a SRa value of 3.33±0.27 (Tab. 1, Fig. 6b ).
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It was already shown in-vivo that solid Ti6Al4V implants can be generatively manufactured by e-beam melting and that they are well-integrated into rabbit femur and tibia after 6 weeks (38) . SLM was also used to produce experimental titaniumbased rods with 4 non-connected channels of different dimensions to study the relation between osteoconduction and channel dimension (7) . From the tested channels with a width between 500 and 1200 µm, osteoconduction in terms of bone formation in the more central part was best for the 500 µm channels. The pore size of interconnecting pores in our 3D scaffolds was between 578 and 642 µm and therefore close to the optimal values.
Also by SLM, a 3D-titanium-based scaffold was fabricated to resemble human cancellous bone (39). In this case, the titanium struts were 400-800 µm thick and therefore much thicker than our regular shaped scaffold with strut size of 220 µm and the porosity varied from 55-75%. For our scaffolds with a porosity of 83%, as evident in figure 4c, up to 50% of the area of the middle section where the scaffold resided was filled with mineralized tissue. In terms of bone ingrowth, Pattanayak and coworkers found bone formation predominantly at the outer surface and only a very small fraction estimated to be below 5% inside the scaffold. This is evident from the histological illustrations (39). Specific data on bone ingrowth and osteoconductivity was, however, not provided by these authors. In contrast, the present study demonstrates that our newly designed scaffolds aiming at a minimal amount of titanium by high porosity, minimal strut thickness, maximal interconnectivity of the pore forming channels in the 550-650 µm range and an optimized surface treatment are truly osteoconductive, surpass even calcium phosphate-based bone substitutes in this respect and guide new bone formation throughout the entire scaffold.
The design of our scaffolds realized by SLM followed by a surface treatment allow a tight connection to the body and a reduced stress shielding due to its here, the osteoconductivity of our scaffolds is potent enough to guide new bone to be formed at sites outside the original bone margins, so that our scaffolds could prove useful not only as a bone substitute suitable for the treatment of substantial bone defects but also for challenging bone augmentation purposes in oral surgery and dentistry.
In conclusion, we designed and produced a titanium based bone substitute by SLM to resemble mechanically and structurally cancellous bone as well as to avoid stress shielding. This in combination with a high porosity of 83% and a pore size of 500-600 µm led to a highly osteoconductive bone substitute. The in vivo results using SLM native, SLM sandblasted and SLM sandblasted, acid etched compared to an empty defect revealed that overall bone formation increased significantly. Our results also showed that bone formed in the scaffold outside the original bone margins, and that sandblasted, acid etched scaffolds showed a significant increase in defect bridging. In addition we noticed that especially the treated SLM surface scaffolds show a superior osteoconductivity which facilitates more bone formation, and could be further developed for bone substitutes suitable for the reconstruction of large bony defects. 
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Defect bridging is the percentage of the defect where new bone formation has occurred.
